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ABSTRACT
In this study, the removal of cephalexin (CEX) antibiotic from aqueous solution was examined using
a novel green adsorbent without employing any toxic chemicals or capping agents. Nettle and
Thyme extracts were used to synthesize novel nano-zero-valent iron (NNZVI and TNZVI) for the
adsorption of CEX. The nature and morphology of synthesized adsorbent were characterized by
Transmission electron microscopy, scanning electron microscope, X-ray diffraction and Fourier
transform infrared spectroscopy spectroscopy. Batch experiments were performed to study the
influence of various experimental parameters such as contact time, initial concentration of the
CEX, solution pH and adsorbent dosage. The adsorption isotherms of CEX by NNZVI and TNZVI
were found to fit well with Freundlich and Langmuir models, respectively. The maximum
adsorption capacity of CEX onto NNZVI and TNZVI were observed as 1667 and 1428 mg/g,
respectively, based on the Langmuir model. The adsorption trend followed the pseudo-first-
order kinetics model and equilibrium could be established in about two hours for both
adsorbents. The developed nanoparticles in this study have considerable potential for the
removal of CEX and could be considered as a promising adsorbent for the removal of other
antibiotics also from aqueous solutions.
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1. Introduction
Over the past few decades, occurrence of organic micro-
pollutants such as pharmaceuticals in the aquatic ecosys-
tems has been considered as a major environmental and
health issue globally [1,2]. Pharmaceuticals have become
chemicals of emerging concern to the public because of
their potential to reach drinking water. Cephalexin (CEX)
is one of the main antibiotics of the cephalosporin family
[3,4]. It is commonly being used for the treatment of
many infectious diseases including infections of respirat-
ory tract, ear, skin, soft tissue, skeletal and urinary tract
[3,5]. Similar to other antibiotics, CEX may pass through
the human and animal bodies as an un-metabolized
compound [3,6]. Due to the stability of the antibiotic in
the environments, high levels of antibiotics may some-
times occur in wastewater treatment plants and also in
water distribution systems [7,8]. Sources of antibiotics
in the environment include sanitary wastewater, efflu-
ents of pharmaceutical industries, animal wastes and
also solid waste leachates which may occur in various
levels ranging from ng/L to mg/L [1,9–11]. Long-term
exposure to antibiotics may cause acute disorders in
human and pose serious threats to the environment
[3,12]. Furthermore, antibiotics in natural water may
promote antibiotic-resistant microorganisms [13,14].
Therefore, it is essential to remove antibiotics from
wastewater before being discharged into the environ-
ment or surrounding water bodies [3,6]. Various
methods like biological technique [15,16], catalytic ozo-
nation [17,18], adsorption on carbon nanotubes [19,20]
and on iron nanoparticles [21], membrane separation
[22], sonochemical process [13], etc. have been used to
remove CEX. However, these methods have some limit-
ations. For example, although biological methods are
environmentally friendly [23], they have some inhibitory
effects on microbial metabolism, particularly at high con-
centrations, because of low biodegradability resulted
from the presence of stable rings of nephthol
[15,24,25]. Also, chemical techniques impose some oper-
ational costs such as electric power and materials ship-
ment; some chemicals (e.g. ozone), which are used in
advanced oxidation processes, are highly corrosive and
toxic [26–30]. Membrane processes also do not have
desirable effectiveness in the removal of antibiotics
because of membrane fouling issues and vulnerability
of the membranes to organic solvents of effluents
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[22,31]. Thus, these disadvantages could limit the appli-
cations of these processes.
Adsorption, an effective separation process, has
attracted considerable attention compared to other
techniques because of the advantages in terms of cost,
reusability of effluents, ease of operation, flexibility and
simplicity of design and the absence of reaction with pol-
lutants or toxic compounds [3,32–34]. Other advantages
such as production of a high-quality effluent and
absence of formation of free radicals and hazardous
materials have also been reported by this method
[6,35]. Accordingly, a variety of natural and synthetic
materials including activated carbon [6,9], clay [36],
zeolite [5], bentonite [37] and various nanoparticle
[19,21,38] have been tested for the adsorption of CEX.
Nanoparticles have been found to be efficient
materials for CEX removal, which have the capability to
be used as adsorbent, photo-catalyst, membrane
materials and disinfectants. Nanoparticles are produced
by physical and chemical methods [39–41]. Recently,
the green synthesis of nanoparticles is in focus as a
cost-effective and environmentally friendly method
alternative to physical and chemical methods [42]. Pro-
duction of nanoparticles from the extracts of plants is
cost-effective and the products have no hazardous
effects on the environment and can also be produced
on large scales. The precursors of nanoparticles in this
method are polyphenols and caffeine existing in plant
extracts, which are nontoxic and biodegradable in the
environment [43,44]. They function as reducing as well
as stabilizing agents [42,45].
Thus, in the present study, Nettle and Thyme as two
abundant local plants (in Ardabil province, northwestern
Iran) with therapeutic potential were selected to syn-
thesize zero-valent iron nanoparticles (NZVI) from these
plants by a green synthesis method. The nature and mor-
phology of the synthesized adsorbent were character-
ized by Transmission electron microscopy (TEM),
scanning electron microscope (SEM), X-ray diffraction
(XRD) and Fourier transform infrared spectroscopy
(FTIR) spectroscopy. The potential of synthesized nano-
particles for the adsorption of CEX was subsequently
investigated. Batch experiments were performed to
study the influence of various experimental parameters
such as contact time, initial concentration of the CEX, sol-
ution pH and adsorbent dosage.
2. Materials and methods
2.1. Materials
CEX (C16H17N3O4S; MW = 347.39 g/mol) was purchased
from Sina Daru Co. (Iran) and used without any further
treatment. All the primary chemicals used in this study
were of analytical grade and obtained from Merck,
Germany. All solutions were made with double distilled
water. The pH of the solutions was adjusted with hydro-
chloric acid (HCl) and sodium hydroxide (NaOH) (0.1 N).
The stock solution of CEX was prepared by dissolving
the appropriate amount of powdered CEX of purity
97% in the solution containing 950 mL of double distilled
and 50 mL of 1 M NaOH and kept in a glass container at
room temperature. Required working concentrations of
CEX standards were instantaneously prepared through
the appropriate dilution of this stock solution for each
experiment.
2.2. Green synthesis of NZVI from Nettle and
Thyme leaf extracts
Dried leaves of Nettle and Thyme were purchased from
the market and then washed several times with double
deionized water to remove any dust and dried at room
temperature. After that, the extracts of Nettle and
Thyme were prepared by boiling 60 g/L of the leaves
of these plants at 80°C for 1 h. After 1 h, the extracts of
Nettle and Thyme were filtered by a vacuum pump.
Then, 0.1 M FeCl2.4H2O solution was added to 60 g/L of
Nettle and Thyme extracts in the ratio of 2:3. Solution
pH was adjusted at 6 by adding 1M NaOH [44]. At this
time, the Nettle and Thyme zero-valent iron nanoparti-
cles appeared as black colored precipitates. The formed
nanoparticles were separated by evaporation on a hot
plate surface and collected by washing several times
with deionized water and placed in nitrogen gas to
avoid oxidation [46,47] and named as NNZVI and TNZVI
in the study.
2.3. Analysis of CEX
A colorimetric method was used to analyze the CEX con-
centration of the samples. CEX was measured at the
wavelength of 276 nm [3,6] using a double beam spec-
trophotometer (Model lambda 25- Perkin Elmer
Company).
2.4. Zero point of charge determination
The pH at the zero point of charge (pHZPC) has been used
to characterize the electrochemical properties of adsor-
bents. To perform this, 0.01 M NaCl was used as an elec-
trolyte by adding 0.1 N NaOH or 0.1 N HCl solutions. To
determine the pHZPC of each synthesized nanoparticle,
50 mL of the prepared electrolyte solution was intro-
duced into eight beakers to adjust their pH at the
required values of 2–12. Subsequently, 0.1 g of both
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NNZVI and TNZVI were added into each beaker and were
shaken for 24 h. After this period of agitation, the sol-
ution was filtered and the final pH of the filtrate was
measured. At the last step, ZPC of the nanoparticles
was determined from the intersection of plotting the
initial pH versus the final pH [48].
2.5. Adsorption experiments
The adsorption of CEX by NNZVI and TNZVI was con-
ducted in batch mode. For each experiment, 250 mL of
the CEX solution of desired concentration was added
into Erlenmeyer flasks. The desired pH for each exper-
iment was adjusted using 0.1 N HCl and NaOH. Then,
the predetermined dose of NNZVI and TNZVI was
added into the Erlenmeyer flask and the mixture was agi-
tated at regulated speed by a shaker. After the desired
contact time, the samples were filtered through
Whatman filter paper (0.2 µm) and then centrifuged
(5810 R, Eppendorf Biotech Company). The CEX concen-
tration was analyzed by spectrophotometer to deter-
mine the residual CEX concentration.
The main process parameters studied were solution
pH (initial pH 2, 4, 6, 7, 9, 11), initial CEX concentrations
(25, 50, 100, 150, 200 and 300 mg/L), adsorbent doses
(0.05, 0.1, 0.4, 0.6, 0.8 and 1 g/L) and contact time (1, 5,
10, 15, 20, 25, 30, 45, 60 and 70 min). All the experiments
were conducted at room temperature in triplicate to
ensure the reproducibility of the results with a standard
deviation less than 10%.
For kinetics studies, 0.1 g/L of the adsorbent was con-
tacted with 250 mL of CEX solutions with the initial con-
centrations of 25, 50 and 100 mg/L of CEX. In all kinetic
experiments, the pH of the solution was kept at
optimum (≈2), which was predetermined by studying
the pH effect. For equilibrium studies, various concen-
trations of CEX ranging from 10 to 700 mg/L were
chosen and a fixed adsorbent dose of 0.1 g/L was
added. The flasks were capped and the contents were
stirred for 2 h and filtered afterwards.
The CEX adsorption capacities at equilibrium, qe (mg
CEX/g adsorbents), were determined using Equation (1):
qe = (C0 − Ce)× Vm , (1)
where C0 and Ce are initial and ﬁnal concentrations of
CEX (mg/L), respectively, V is the volume of solution (L)
and m is the mass (g) of the adsorbent as dry weight.
The kinetics of CEX adsorption onto NNZVI and TNZVI
were analyzed by ﬁtting data from the experiment of this
step with the pseudo-ﬁrst-order and pseudo-second-
order models as shown in Table 1. In this table, k1 and
k2 are constants of adsorption rate, qt is adsorption
capacity at time t and qe is adsorption capacity at equili-
brium, respectively. Regarding that adsorption isotherm
analysis is crucial to understand the interaction
between an adsorbate and the adsorbent or to describe
the nature of the adsorption [5,9,49]; thus, to provide
quantitative information, these data were ﬁtted by the
Langmuir and Freundlich isotherm models by using the
equations presented in Table 1. The qm parameter is
the maximum adsorption capacity (mg/g), b is a constant
related to the energy of adsorption (L/g), KF is a constant
related to the adsorption capacity (mg/g) and can be
deﬁned as the distribution coefﬁcient, which with the
increases of KF values, the adsorption capacity of the
adsorbent also increased.
To evaluate the goodness of ﬁt of a kinetic and an iso-
therm model and to describe the sorption phenomena,
the predicted versus experimental values were evaluated
by comparing chi-square statistic (χ2), which has exten-
sively been used as an appropriate statistic means for
comparing the models with two parameters [50]:
x2 = (qe,exp − qe,cal)
2
qe,cal
, (2)
where qe,exp and qe,cal (mg/g) are the experimental and
model estimated equilibrium capacity data, respectively.
The small and large values of χ2 means that data calcu-
lated from the model are similar to experimental values
or different, respectively.
2.6. Characterization of surface properties and
chemical composition
A SEM equipped with an energy-dispersive X-ray micro-
analysis (LEO-1430 VP) was used to determine the
surface morphology and the porous structure of the
NNZVI and TNZVI. The surface functional groups of
adsorbents were determined using FTIR at wave
numbers ranging from 400 to 4000 cm−1. To explore
the structure of the material, XRD patterns of synthesized
NZVI before adsorption were studied using a Philips
X’Pert Pro instrument (Netherlands) within the 2θ
range of 10–90°. The X-ray source was radioactive Cu–
Table 1. The name and equations of the studied isotherm and
kinetic models.
Model types Name Equation Ref.
Isotherm
models
Langmuir Ce
qe
= Ce
qmax
+ 1
qmaxb
[39]
Freundlich log qe = log kf + 1n log Ce [39]
Kinetic models Pseudo-second-order
model qt =
q2ek2t
qek2t + 1
[40]
Pseudo-first-order
model
qt = qe − exp (ln qe − k1t) [41]
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Kα (λ = 154 nm). TEM was used to get particle sizes using
a JEOL JEM 1200 EX Mk 2 TEM, operating at 120 keV. The
nanoparticle samples were sonicated in methanol with
analytical grade for 30 s and then mounted on 200-
mesh holey carbon-coated copper grids.
3. Results and discussion
3.1. Characterization of synthesized NZVI
Figure 1(a, b) show FTIR spectra for NNZVI and TNZVI,
respectively, before and after adsorption with CEX. As
seen, an absorption band is observed at wave numbers
between 3000 and 4000 cm−1 for both NNZVI and
TNZVI (with maximums of 3405 and 3398 cm−1 for
NNZVI and TNZVI, respectively), with this broad peak
around 3400 cm−1 indicating the O–H bond vibrations
on the adsorbent surface [51]. The change or appearance
of the peak near 2933 and 2944 cm−1 suggests the invol-
vement of C–H (sp3 hybridized) and O–H (of acid origin)
group of leaf extract in particle formation [52]. The O-H
deformation vibration to C = O asymmetric stretching
vibration was observed near 1621 cm−1 (of acids) for
both adsorbents [5,53]. The peaks of 1384 cm−1 (and
1430 cm−1) and 1423 cm−1 for NNZVI and TNZVI corre-
spond to the stretching bands of CH3 bend and C–C
stretch, which in turn demonstrate that oxygen was func-
tioning to stretch acidic carboxylic groups and that car-
boxylate groups were available on the adsorbents’
nanosphere surface [54]. The peaks at ∼1117 cm−1 for
both NNZVI and TNZVI may also correspond to C–CO–C
stretching of carbonyl compounds [55,56]. The remain-
ing absorption wave number from 615 to 605 cm−1 for
NZVI was possibly due to aliphatic C–H stretch [57].
Furthermore, as clearly seen in Figure 1(a, b), the new
peaks appear in synthesized nanoparticles at wavenum-
bers of 1621 and 613 cm−1 for NNZVI, and at wavenum-
bers of 3398 cm−1 for TNZVI which could be attributed to
compounds such as alkenes, alkanes and polyphenols.
After the adsorption of CEX onto NNZVI and TNZVI, the
bands declined and new bands were evident at 3391
and 3381 cm–1, respectively. The new bands indicated
the presence of the corresponding organic functional
groups on the NZVI surface, which should be related to
the reduction products of CEX. For example, it should
be attributed to possible carboxylic acid functional
groups. Finally, the FTIR spectrum of after CEX adsorption
to NZVI shows lower transmission percentages at all
observed bands compared to fresh ones, implies that
adsorption capacity of synthesized adsorbents did not
significantly changed.
The surface morphology of NNZVI and TNZVI has
been shown in Figure 2(a–f), indicating mainly
mesoporous structures of synthesized NZVI. These struc-
tures were not observed in the fresh Nettle and Thyme
(Figure 2(a, b)), but as can be seen in Figure 2(b, e),
NNZVI has an irregular morphology and there are
many naometer-scale spherical aggregates clearly
showing a smooth surface with scattered cavities and
bumps. The presence of these bumps with various
sizes on the surface of the adsorbents, in turn, makes it
a well-supported material mainly due to the increases
of the chance of CEX molecules’ trapping and sub-
sequent adsorption onto the surface of the adsorbent.
Figure 2(c, f) show the SEM image of CEX-loaded
NNZVI and TNZVI. As can clearly be seen, these cavities
were filled with adsorbed CEX. However, the speciﬁc
base materials and their strength and texture compo-
sition may be responsible for the difference in surface
morphology of NNZVI and TNZVI.
TEM images and XRD patterns of NZVI have been
shown in Figure 3. As shown in Figure 3(a–b), the syn-
thesized nanoparticles tend to form irregular clusters
but also demonstrate some dispersion, and the analysis
conﬁrmed that metallic iron particles were produced
with particle size ranging roughly between 20 and
80 nm. The XRD patterns of NZVI were characterized
after repeated sample washing with ethanol to
reduce the amount of NaCl crystals but, as shown in
Figure 3(c), some peaks were observed which are
related to NaCl crystals. The XRD patterns of both syn-
thesized NZVI before reaction with CEX (Figure 3(c))
have characteristic peaks at 2θ = 11.8°, ≈17°, 20.35°,
≈29°, ≈35°, ≈38°, ≈40°, 44.9°, 52°, 56°, 62° mainly corre-
sponding to zero-valent iron (α-Fe), maghemite (γ-
Fe2O3), magnetite (Fe3O4) and iron oxohydroxides, in
addition to NaCl [42,45] due to the fact that the
Nettle and Thyme were partly oxidized during the syn-
thesis. The organic materials adsorbed from plant
extract as capping/stabilizing agents can be seen as a
broad hump shoulder peak at 2θ = 25°.
3.2. Adsorption kinetics
The effect of contact time for the adsorption process was
carried out to determine the equilibrium point for a
period of 0–40 min for NNZVI (Figure 4(a)) and
0–70 min for TNZVI (Figure 4(b)) at initial CEX
concentrations of 25, 50 and 100 mg/L. But to ensure
equilibrium, the samples were left for 2 h in equilibrium
isotherm experiments. The other parameters of the study
were kept constant in the optimum values, which were
previously determined. The amount of adsorbed adsor-
bate was raised with increasing contact time until equili-
brium and the curves for CEX adsorption with respect to
time were single smooth and finally led to saturation
4 M. LEILI ET AL.
conditions. In addition, it was found for all sets of the
experiments that the adsorption was rapid in the initial
stages of the process mainly because of higher driving
forces resulting from largest amount of CEX [58] and
later on became slow, and ﬁnally the systems reached
equilibrium in about 50 min for both adsorbents;
however, a further increase in the contact time had a
negligible effect on the efﬁciency of the adsorption
process.
It is also clear from Figure 4(a, b) that the necessary
time to reach equilibrium is variable and depends on
the initial concentration of the CEX, which increased
with an increase in initial CEX concentration. For
example, it was found to be about 30 min and 45 min
Figure 1. FTIR spectra of (a) NNZVI and (b) TNZVI.
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for initial concentration of 25 and 50 mg/L for NNZVI and
TNZVI, respectively. Furthermore, as the synthesized
NZVI are prone to agglomeration, these agglomerates
can provide an ideal place for CEX removal from
aqueous phase. The agglomerates also cause the CEX
to attach in multilayer behavior to the spaces between
nanoparticles and longer time to be available for
nanoparticles’ penetration into smaller pores and more
internal adsorption sites [59]. The mechanism is more
predominant at higher CEX concentrations. The increase
of qt with the increase of contact time confirms this
behavior of synthesized NZVI.
As presented in Table 2, the adsorption of CEX onto
the synthesized NZVI is well described with the
Figure 2. SEM micrograph of (a) fresh (raw) Nettle, (b) NNZVI, (c) CEX-loaded NNZVI, (d) fresh (raw) Thyme, (e) TNZVI and (f) CEX-loaded
TNZVI.
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Lagergren’s pseudo-ﬁrst-order kinetic model having the
highest values of the coefficient of determination (R2)
and lowest χ2 for all studied concentrations. Available lit-
erature on the adsorption of CEX onto NZVI is limited.
However, Siqing Xia et al. [60] reported the better
ﬁtness of the adsorption of chloramphenicol onto nano
scale zero-valent iron particles to the Lagergren’s
pseudo-ﬁrst-order model. In another study, conducted
by Xiulan Weng et al. [61], it was also shown that degra-
dation of malachite with the iron-based nanoparticles
synthesized from green tea extracts followed the
pseudo-ﬁrst-order model.
As shown in Table 2, an increase in initial CEX concen-
tration led to decrease in the pseudo-ﬁrst-order model
rate constant values from 0.119 to 0.079 k−1 and from
0.070 to 0.061 k−1 for NNZVI and TNZVI, respectively,
which are in agreement with the study of Benguella
and Benaissa [62]. This downward trend in rate constant
with the increase of CEX concentration implies that there
has not been any limitation to adsorption sites and that
the adsorption is limited only by the concentration of
CEX and hence by the mass transfer rate [51]. It could
also be said that, the more the initial CEX concentration,
the higher would be the adsorption capacity of the
adsorbents, but the adsorption efficiency of the adsor-
bent is inversely related to the initial CEX concentration
at a ﬁxed adsorbent dosage [49,63], Accordingly, it
could be said that the increase of initial CEX
Figure 3. Representative TEM images of the synthesized (a) NNZVI and (b) TNZVI and (c) XRD patterns of iron nano-impregnated
particles.
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concentration can improve the mass transfer rate
through the increase of driving force [47]. This phenom-
enon is further discussed in Section 3.3.
Accordingly, the availability of active adsorption sites
on the surface of NNZVI and TNZVI has more influence
than CEX concentration in the solution on its removal
[6]. It also implies that the electrostatic attraction
among carboxyl anions (as shown in Section 3.1) in the
structure of antibiotic molecules and positively charged
functional groups (adsorption sites) to the adsorbents
is the main mechanism in the adsorption of CEX onto
both the adsorbents [5].
Regarding that pseudo-ﬁrst-order and pseudo-
second-order kinetic models would not provide any
information about the penetration mechanisms, and
to assay whether mass transport (pore diffusion or
intraparticle diffusion) takes place during the process,
the intraparticle diffusion model, proposed by Weber
and Morris [64] was examined. The mechanism of the
penetration into the adsorbent can be determined
using this model. The mathematical forms of the
intraparticle diffusion model can be expressed by
Equation (3):
qt = Kidt0.5 + C, (3)
where Kid (mg/g min
1/2) and C (mg/g) are the constants
of intraparticle diffusion. The latter parameter gives an
indication of the thickness of the boundary layer.
Another main step involved in the mass transfer of
adsorbate is the liquid phase mass transport (or ﬁlm dif-
fusion) [65]. To understand whether adsorption of CEX
onto NNZVI and TNZVI has been limited by ﬁlm diffu-
sion, the adsorption data from the experiments were
also ﬁtted to this model according to the following
equation [51]:
ln (1− qt
qe
) = −Kfdt, (4)
where Kfd (m
−1) is the liquid ﬁlm diffusion constant. The
data obtained from the ﬁtting of the experimental data
with intraparticle and film diffusion models for various
initial CEX concentrations have been summarized in
Table 3. The regression of qt versus t
1/2 for CEX was
linear and did not pass through the origin, which shows
that the boundary layer mass transfer controls the
Figure 4. Effect of contact time on CEX adsorption onto (a)
NNZVI and (b) TNZVI (adsorbent concentration = 0.1 g/L, pH =
2, shaking speed = 200 rpm at room temperature).
Table 2. Adsorption kinetic parameters of CEX.
Adsorbent
Pseudo-first-order Pseudo-second-order
C0(mg/L) k1(min
−1) qe(mg/g) R
2 χ2 k2(g/mg-min) qe (mg/g) R
2 χ2
NNZVI 25 0.119 249.72 0.999 12.82 0.00042 304.54 0.994 58.59
50 0.087 467.82 0.997 102.73 0.00014 602.46 0.988 357.81
100 0.079 838.60 0.988 1080.80 0.00007 1098.45 0.980 1868.58
TNZVI 25 0.070 253.95 0.996 29.47 0.00019 319.97 0.990 83.85
50 0.063 439.24 0.991 242.12 0.00011 551.51 0.978 576.87
100 0.061 792.46 0.987 1133.66 0.00007 978.96 0.971 2514.95
Table 3. The ﬁlm diffusion and intraparticle diffusion information
of CEX adsorption onto NZVI.
Film diffusion Intraparticle diffusion
Adsorbent
C0
(mg/L)
Kfd
(min−1) R2
Kid (mg/g-
min0.5)
C
(mg/g) R2
NNZVI 25 0.118 0.999 42.38 13.21 0.920
50 0.113 0.992 78.22 0.368 0.943
100 0.118 0.991 136.47 2.24 0.947
TNZVI 25 0.070 0.996 33.05 7.68 0.891
50 0.079 0.993 57.46 14.56 0.915
100 0.086 0.991 104.43 38.67 0.940
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adsorption process [51]. It is implied from the large values
of C for all kinetic studies that the intraparticle diffusion
was also involved in the adsorption process; however,
this is not the only rate-limiting step [5]. It can also be
seen that the R2 values of the ﬁlm diffusion model for
adsorption of CEX onto NZVI at the experimental concen-
trations were higher than those of the intraparticle diffu-
sion model. This ﬁnding suggests that diffusion through
the boundary liquid layer around the adsorbent particles
was the main controlling step [65]. Accordingly, a greater
concentration gradient results in a higher rate of CEXmol-
ecules diffusing through the boundary layer surrounding
the adsorbent, which, in turn, can cause a higher rate of
adsorption.
3.3. Adsorption isotherms
The results expressed as plots of solid-phase CEX con-
centration versus liquid-phase CEX concentration have
been shown in Figure 5. The parameters of the two iso-
therm models, applied in this study, and the calculated
parameters for CEX adsorption onto the NNZVI and
TNZVI have been given in Table 4. As shown in this
table, based on R2 and χ2 statistics, the adsorption of
CEX onto the synthesized NNZVI is well described
with the Freundlich isotherm model while in the case
of TNZVI the Langmuir model was found to be the
best. In the Langmuir model, it was assumed that
there are homogeneous adsorbent surfaces with
Figure 5. Experimental and predicted two-parameter isotherms of CEX according to the (a) Langmuir and (b) Freundlich models.
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identical adsorption sites [66]. The Freundlich isotherm
[67] is an empirical equation which assumes that the
adsorption process takes place on a heterogeneous
surface through a multilayer adsorption mechanism.
The values of adsorption capacities (qm) of NNZVI and
TNZVI were found to be 1667 and 1428 mg/g, respect-
ively, which were significantly high. Considering that
CEX adsorption onto TNZVI follows the Langmuir
assumption, it is reasonable to infer that the adsorption
of CEX occurred in the form of mono-layer adsorption.
Thus, both small sizes of NZVI and mono-layer behavior
of prepared adsorbents have contributed to high CEX
removal. The adsorbed CEX from the solution could
be removed by following the sedimentation and separ-
ation steps [59].
The constant n in the Freundlich equation is a con-
stant that represents the parameter characterizing the
quasi-gaussian energetic heterogeneity of the adsorp-
tion surface [68]. The n constant gives an indication on
the favorability of adsorption. It is generally stated that
the values of n in the range of 2–10 represent good,
1–2 moderately difficult and less than 1 poor adsorption
characteristics [69]. The Freundlich exponent 1/n pro-
vides information on surface heterogeneity and surface
affinity for the solute. This exponent was found to be
0.501 and 0.505 for NNZVI and TNZVI, respectively.
These values indicate that the adsorption process is
favorable.
To determine the characteristic of the adsorption
process and to examine whether the adsorption is favor-
able in terms of RL, a dimensionless constant, commonly
known as separation factor, is calculated using Equation
(5) [70]:
RL = 1(1+ bC0) . (5)
The value of RL indicates the adsorption nature to be
unfavorable (RL > 1), linear (RL = 1), favorable (0 < RL < 1)
or irreversible (RL = 0). The value of RL obtained for CEX
adsorption on NNZI was in the range of 0.12–0.86.
Moreover, the RL values indicate favorable adsorption
of CEX onto adsorbents as it lies between 0 and 1. The
Langmuir constant b was found to be 0.0372 for NNZVI
and 0.0032 for TNZVI. These values also indicate a
similar affinity of CEX for both adsorbents, which were
expected.
3.4. Effect of solution pH on CEX adsorption
The pH of the solution is considered as one of the most
important factors affecting the adsorption processes.
Because of its immense importance, the CEX removal
efficiency as a function of pH change was assessed for
a series of initial pH values of 2, 4, 6, 7, 9 and 11
(Figure 6). The adsorption experiments for both adsor-
bents at each pH were carried out in triplicate and the
average results have been presented in the figure. As
shown, increasing initial solution pH value led to a
decrease in removal efficiency. According to Figure 6,
the percentage of CEX adsorption onto TNZVI decreased
from 83.8% to 55.9% when the pH increased from 2 to
11. NNZVI has also shown the same trend (maximum
CEX adsorption in acidic pH) but the minimum removal
efficiency of 75.88% was observed at pH = 7. Thus,
acidic conditions were favorable for CEX removal by
NZVI compared to higher pH values. To explain the
effects of solution pH on the CEX removal, both the
surface charge of the adsorbents (pHzpc) and the dis-
sociation constant (pKa) of CEX should be taken into
account. This means that the variation in the pH of the
solution results in the change of surface charge and
the functional group chemistry of the adsorbents’
surface [71]. Since the pHpzc of NNZVI and TNZVI were
4.4 and 5.6, respectively, (Figure 7), a positive charge
developed on their surfaces at pH below pHpzc. CEX is
a zwitterionic molecule and a weak acid, thus although
primarily dissociated as an acid (pKa = 5.2), it has an
amphoteric behavior and also has a pKa value of 2.56
Table 4. Parameters of the Langmuir and Freundlich models for
CEX adsorption onto NNZVI and TNZVI.
Isotherm models
Adsorbent
NNZVI TNZVI
Langmuir
qmax (mg/g) 1667 1428
b (L/mg) 0.0372 0.0032
R2 0.956 0.994
χ2 19872.43 15842.08
Freundlich
Kf (mg/g) (mg/L)
n 99.08 95.36
n 1.519 1.587
R2 0.992 0.982
χ2 12871.33 38645.52
Figure 6. Effect of pH on CEX removal (initial concentration =
25 mg/L, optimum dose = 0.1 g/L and contact time = 20 min).
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and 6.88 [72,73]. Therefore, in an acidic solution (mainly
pHs = 2–6), it shows cationic properties and exists as a
zwitterion species, so dissociation of carboxylic group
(–COOH) existing in the CEX molecule into carboxylate
(–COO–) occurred. Therefore, electrostatic attraction
between the CEX (anionic) molecules (through COO–
functional groups) and the positively charged surface
of the adsorbents at the pHs below pHzpc (4.4 and 5.4
for NNZVI and TNZVI, respectively) was most probably
the prevalent adsorption mechanism [51]. In the same
way, the reduction of CEX adsorption at alkaline solution
pH (pH > pHpzc) resulted from the negative charge on the
surface of the NZVI as well as occupying the adsorbent
surfaces with OH– ions, which, in turn, leads to activate
electrostatic repulsion of the adsorbate that has
already been adsorbed on the adsorbent [5]. The
increases of CEX adsorption by TNZVI beyond pH 7 (alka-
line solution) could be explained by the dissociation of
the protonated α-amino groups and catalytic degra-
dation through intra molecular-nucleophilic attack of
the side-chain alpha-amino group upon the beta-
lactam carbonyls to produce diketopiperazine deriva-
tives with the NH2
+ functional group [74] which could
easily be adsorbed by the negatively charged adsorbent
surface. Moreover, some oppositely charged surface sites
can still simultaneously exist on the adsorbent. The
behavior of CEX sorption versus pH in this study is
similar to those obtained by Legnoverde [75] who
reported that the adsorption of CEX, at pH values
around 2.3, was higher than that of pH range from 3 to 8.
3.5. Effect of adsorbent dosages on CEX
adsorption
The effect of dosages of the synthesized adsorbent in the
range of 0.01–0.25 g/L on the CEX removal by NNZVI and
TNZVI was studied and the results are shown in Figure 8
respectively. As seen, the removal efficiencies and
dosages of both the adsorbents have linear relationships.
The removal efﬁciency of CEX was also increased with
the increase of dosages but it has little impact in
higher dosages; so, 0.1 g/L was selected as the
optimum value for further study. This enhancement
could be mainly due to increased available surface area
for adsorption and reaction sites [76].
It can be concluded that the maximum adsorption
capacity of CEX onto NNZVI and TNZVI obtained in this
study is better than those displayed by other adsorbents
that have been tested for the adsorption of CEX in the lit-
erature as seen in Table 5. From this observation, it may
be suggested that CEX was favorably adsorbed onto the
synthesized adsorbents. NNZVI and TNZVI can be con-
sidered as suitable and eco-friendly adsorbents owing
to their high adsorption capacity towards CEX, the avail-
ability of their precursors (Nettle and Thyme) in abun-
dance and low costs.
3.6. Removal mechanisms of CEX
The suggested pathways of NZVI for pollutants’ removal
include adsorption, complexation, enmeshment and
Figure 7. pHzpc of NNZVI and TNZVI.
Figure 8. Effect of adsorbent dose on the adsorption of CEX by
(a) NNZVI and (b) TNZVI (pH = 2, contact time = 20 min, shaking
speed = 200 rpm at room temperature).
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coprecipitation as well as surface-mediated chemical
reduction [77–79]. In the present work, the effluent was
analyzed to determine the formation of any by-products
using high-performance liquid chromatography (HPLC)
(Shimadzu, LC10A HPLC) equipped with a UV detector
(SPD-10AV). As seen in Figure 9(a, b), only one distinctive
peak was observed (Figure 9(b)), revealing that CEX
degradation did not occur. Therefore, it can be stated
Table 5. Comparison of different pollutants’ removal by iron nanoparticles and CEX removal by various adsorbents.
Pollutant Adsorbent
Isotherm parameters for
adsorption
Removal efficiency Ref.qmax (mg/g) b (L/mg)
Antimony NZVI NAa – > 90% [49]
Chloramphenicol NZVI NAa – ≈ 100 [51]
Nitrate NZVI 13.06 – – [34]
Arsenic (V) NZVI 94.67 – – [44]
CEX Activated carbon 233.1 1.355 – [67]
CEX Commercial–carbon 222.3 – – [68]
CEX Cu–Activated carbon 78.12 0.351 – [2]
CEX NNZVI 1667 0.0109 ≈ 100 Present study
CEX TNZVI 1428 0.0108 ≈ 100 Present study
anot available.
Figure 9. HPLC chromatogram of solution containing CEX (a) before and (b) after the adsorption process (initial concentration = 25 mg/
L, pH = 2, contact time = 20 min, adsorbent dose = 0.1 g/L and shaking speed = 200 rpm at room temperature).
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that the removal of CEX occurred mainly by the adsorp-
tion process and not by the reduction. These results are
consistent with our previous study where Cr(VI) removal
was reported by NZVI, synthesized from plant extracts
[59]. Nevertheless, under the acidic condition (pH 2.0),
corrosion rate of ZVI could be accelerated rapidly, and
could generate some corrosion products (e.g. Fe(OH)2/
Fe(OH)3) [78], which could also fairly absorb the pollu-
tants and could play some role (although minor) in the
CEX removal.
4. Conclusions
In this study, the adsorption of CEX onto novel syn-
thesized nano-zero-valent irons (NZVI) from Nettle
(NNZVI) and Thyme (TNZVI) leaf extracts via the green
synthesis method was investigated. It was found that
the CEX removal capacity of both these is significantly
high. As the results showed, the monolayer adsorption
capacities for CEX by NNZVI and TNZVI were found to
be 1667 and 1428 mg/g, respectively. These values are
comparable with the best commercially available acti-
vated carbons.
The adsorption kinetics of CEX on NNZVI and TNZVI
could be explained by Lagergren’s pseudo-first-order
kinetic model. The optimum pH for the adsorption of
CEX was found to be 2.0 and about two hours is
needed to reach the equilibrium for both the adsorbents.
Furthermore, HPLC results, under studied conditions, did
not show any distinctive peaks for the degradation by-
products, thus confirming that adsorption was the
main removal mechanism in this study. Thus, considering
the findings of this study, the developed nanoparticles
from Nettle and Thyme leaf extracts, as low-cost adsor-
bents, have high potential for the removal of CEX from
aqueous solution and these materials could be con-
sidered as promising adsorbents for antibiotics and
probably other organic pollutants’ removal from
aqueous solutions.
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